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HIGHLIGHTS 


•  Fluorine  doped  spinel  with  disordered  structure  showed  much  improved  capacity  retention  with  cycle  number  over  pristine  4.7  V  spinel  at  60  °C. 

•  Li  and  F  doping  were  optimized  relative  to  the  formation  of  ordered  (P4332)  and  disordered  spinel  (Fd-3m),  respectively. 

•  Two  distinctive  effects  of  Li  and  fluorine  doping  were  demonstrated  on  particle  size  and  surface  area  of  the  spinel. 
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ABSTRACT 


A  detailed  investigation  of  the  structural  and  electrochemical  impact  of  lithium  and  fluorine  sub¬ 
stitutions  on  the  4.7  V  LiMni.sNio.sO^  (LMNO)  positive  electrode  for  Li-ion  batteries  was  accomplished. 
Impact  of  subsequent  transition  metal  substitution  on  the  tetrahedral  8a  sites  was  also  investigated 
relative  to  rate  and  elevated  temperature  cycling  stability.  Significantly  improved  cycling  in  excess  of  600 
cycles  was  established  for  an  anion  modified  spinel  relative  to  an  optimized  benchmark  material  at  60  °C. 
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1.  Introduction 

The  growing  demand  for  electrochemical  energy  storage  sys¬ 
tems  with  higher  volumetric  and  gravimetric  energy  densities  have 
highlighted  secondary  lithium  ion  batteries  as  a  viable  candidate 
for  numerous  applications  in  consumer  electronics,  biomedical, 
telecommunication,  military,  automotive  industry,  and  even  grid 
application.  Increase  of  energy  density  can  be  reached  by  higher 
capacity  and/or  higher  voltage  cells.  The  latter  requires  the  devel¬ 
opment  of  new,  high  voltage  positive  electrode  materials.  One  of 
the  most  promising  high  voltage  positive  electrodes,  is  cation 
doped  LiMxMn2_x04  spinel  where  M  =  Ni  [1—5],  Cr  [6],  Fe  [7],  Cu 
[8],  Co  [9,10],  or  co-doping  with  Ni— Mo  [11],  Ni— Mg  [12],  and  Ni— Fe 
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[13]  in  octahedral  site  of  Mn.  The  electrochemical  performance  of 
LiMxMn2_x04  spinel  is  directly  affected  by  the  type  and  amount  of 
doped  atom  either  in  ordered  4b  and  12d  octahedral  sites  ( P4j32 
space  group)  or  in  randomly  occupied  16d  sites  ( Fd-3m )  of  the 
cubic  structure.  Among  different  dopants,  Ni  doped  spinel 
(LiNi2+o.5Mn4+i.504;  LMNO)  is  of  special  interest  since  it  shifts  the 
voltage  profile  of  the  parent  composition  (LiMn204)  to  a  higher 
potentials  by  introducing  new  voltage  plateaus  at  4.4— 4.7  V  and 
4.7— 5.0  V  (corresponding  to  Ni2+/Ni3+  and  Ni3+/Ni4+  redox  re¬ 
actions,  respectively).  In  terms  of  electrochemical  performance,  this 
substitution  for  Mn  provides  relatively  good  room  temperature 
reversible  cycling  (>95%  of  theoretical  capacity)  with  good  rate 
capability  in  conventional  electrolyte  (e.g.  LiPFe/EC-DMC).  However 
despite  the  promising  room  temperature  performance,  the  LMNO 
spinel  experiences  a  large  capacity  loss  followed  by  early  cell  failure 
at  elevated  temperature  which  is  critical  for  HEV/PHEV  applica¬ 
tions.  Although  there  have  been  several  reports  on  elevated  tem¬ 
perature  performance  of  LiMn1.5Nio.5O4  [14,15],  the  prolonged 
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cycling  of  LMNO  at  elevated  temperature  is  still  suffering  from  a 
significant  impedance  rise. 

It  is  believed  that  the  poor  electrochemical  performance  at 
elevated  temperature  is  associated  with  electrolyte— electrode 
interface  side  reactions  which  control  the  stability  of  the  cell.  There 
have  been  numerous  reports  on  minimizing  the  electrolyte— elec¬ 
trode  interface  reactivity  by  coating  the  surface  of  the  cathode 
through  thin  layer  of  ZnO  [16],  Si02  [17],  AI2O3,  MgO,  LiCoC>2  [18], 
and  Au  [19],  or  surface  treatment  of  the  cathode  by  mild  acidic 
solutions  [20,21],  In  all  these  efforts,  the  improved  electrode¬ 
electrolyte  interface  stability  was  achieved  through  modification 
in  the  surface  chemistry  of  the  electrode.  An  alternative  way  to 
achieve  interface  stability  is  through  intrinsic  stabilization  of  the 
spinel  towards  reactions  with  the  electrolyte,  even  if  preferentially 
located  at  the  surface.  Substitution  of  oxygen  by  fluorine  in  the 
spinel  structure  has  been  first  reported  for  parent  composition  of 
Lii+xMn204  along  with  co-doping  of  A1  and  F  in  Mn  and  O  sites 
respectively,  which  improved  capacity  retention  and  cycling  sta¬ 
bility  at  elevated  temperature  [22—25],  Improvements  in  electro¬ 
chemical  and  thermal  stability  of  spinel  materials  [26—28]  and 


layered-structured  oxides  [29—31  were  also  reported  upon  fluo¬ 
rine  substitution  in  oxygen  sites. 

In  the  current  paper,  we  systematically  study  the  effect  of  excess 
Li  as  well  as  oxygen  substitution  by  fluorine  on  physical,  micro¬ 
structure  and  electrochemical  properties  of  Lii+yMn!  5Ni0.5O4_xFx 
(0  <  x  <  0.5,  0  <  y  <  0.3)  spinel  processed  through  our  newly 
developed  two-step  solid  state  synthesis  technique  [32],  In  this 
process,  the  synthesis  of  spinel  powder  was  carried  out  by  pre¬ 
reacting  of  NiO  with  Mn02  at  high  temperatures  (900  °C-3  h)  fol¬ 
lowed  by  incorporating  of  the  Li  into  the  nickel  manganese  oxide 
(Nii_xMn204)  structure  at  subsequent  heat  treatment  (800  °C- 
12  h). 

2.  Experimental 

Lii+yMni.5Nio.504_xFx  (0  <  x  <  0.5,  0  <  y  <  0.3)  spinels  were 
prepared  by  conventional  solid-state  process.  First,  the  stoichio¬ 
metric  amounts  of  NiO  and  Mn02  were  thoroughly  mixed  using  the 
zirconia  milling  media  and  anhydrous  Acetone  as  a  medium  for 
24  h  followed  by  drying  at  110  °C  for  12  h.  The  dried  powder  was 


Temperature  (°C) 


Fig.  1.  (a)  X-ray  diffraction  patterns  and  (b)  lattice  parameter  changes  during  the  formation  the  LiMni.sNio.sO^  spinel  at  annealing  temperatures  of  350  °C-900  °C;  (*:  second 
phase  LixNi!_x02  or  Ni6Mn08). 
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Table  1 

Effect  of  F  and  excess  Li+  addition  on  surface  area  of  the  LiMn1.5Nio.5O4  spinel. 


459 


F  substitution  (x  in  LiMni. 5Nio.s04_xFx) 

x  =  0 

x  =  0.1 

x  =  0.2 

x  =  0.3 

x  =  0.4 

X  -  0.5 

BET  surface  area  (m2  g_1) 

2.50  ±  0.01 

2.12  ±  0.01 

1.82  ±  0.01 

1.71  ±  0.01 

1.96  ±  0.01 

2.05  ±  0.01 

Excess  Li+  (y  in  Ii1+yMn1.5Ni0.3.8Foj) 

o 

II 

II 

o 

y  =  0.15 

II 

o 

II 

o 

BET  surface  area  (m2  g-1) 

1.66  ±  0.01 

1.68  ±  0.01 

1.91  ±  0.01 

1.91  ±  0.01 

2.01  ±  0.01 

heat  treated  at  900  °C  for  3  h  in  order  to  form  Nii_xMn204  (x  <  0.33) 
spinel.  The  appropriate  moles  of  Li2CC>3  and  LiF  were  mixed  with 
Nii_xMn204  (x  <  0.33)  powder  through  the  similar  wet  ball  milling 
procedure.  After  drying  the  mixture  at  110  °C  for  12  h,  the  powder 
was  heat  treated  in  800  °C  for  12  h  [32], 

A  Scintag  X-ray  diffractometer  with  Cu  Ka  X-ray  source  was 
utilized  to  characterize  the  phase  type  of  the  synthesized  powders. 
For  lattice  parameter,  internal  silicon  standard  was  used.  The 
multipoint  Brunauer— Emmett— Teller  (BET)  surface  area  was 
measured  by  Micomeritics  ASAP  2010  surface  area  analyzer.  SEM 
and  EDS  studies  of  powders  were  carried  out  by  field  emission 
scanning  electron  microscopy  (FESEM;  LEO  (ZEISS)  982)  using  the 
accelerating  voltage  of  5.0  kV. 

Structural  analysis  of  the  spinel  powders  was  carried  out  using 
Rietveld  analysis  to  determine  the  occupancy  and  metal  ion  dis¬ 
tribution  in  tetrahedral  and  octahedral  sites  of  the  pristine  and 
doped  spinels.  The  refinement  was  performed  by  considering  the 
space  group  of  Fd-3m  for  all  pristine  and  doped  materials,  since  the 
profile  fit  showed  a  better  match  with  disordered  Fd-3m  space 
group  than  ordered  P4332  spinel.  In  addition,  the  occupancy  for 
oxygen  atom  was  selected  one  (full  occupancy)  and  atomic 
displacement  was  considered  BjS0.  =  0.5.  Refinement  was  carried 
out  by  considering  partial  occupancy  for  Ni  in  8a  tetrahedral  sites. 

For  electrochemical  characterization,  2032  coin  type  stainless 
steel  and  A1  plated  stainless  steel  cells  were  utilized.  Each  cell  was 
consisted  of  cathode  spinel  material,  anode  (Li  metal)  and  elec¬ 
trolyte,  1  M  LiPFg  dissolved  in  mixture  of  ethylene  carbonate  — 
dimethyl  carbonate  (EC-DMC).  The  positive  electrode  tape  was 
prepared  through  the  tape  casting  of  52  wt%  active  spinel  cathode 
material,  13  wt%  Super  P,  and  35  wt%  PVDF-HFP  (Polyvinylidine 
flouride  hexafluoro  propylene)  binder  with  DBP  (Dibutyl  Phthalate) 
as  a  plasticizer.  The  plasticizer  was  extracted  from  the  electrode 
prior  to  use  by  successive  extractions  in  anhydrous  di-methyl  ether. 
The  relatively  low  active  content  was  utilized  to  be  sure  that  the 
electrode  formulation  was  not  the  limiting  factor  in  the  electro¬ 
chemistry  of  the  materials.  We  do  not  intend  to  show  data  that  have 
failure  induced  by  the  breakdown  of  the  percolation  network/ 


binder  in  the  electrode  vs  the  phenomena  associated  with  the 
material  itself.  The  prepared  cathode  tape  was  assembled  in  He- 
filled  glove  box  and  cycled  using  a  Maccor  galvanostat  cycler.  The 
charge— discharge  cycling  of  the  cells  was  achieved  between  3.5  V 
and  5.0  V  at  the  cycling  rates  of  44—2864  mA  g_1. 

3.  Results  and  discussions 

3.3.  Solid-state  synthesis  of  spinel 

The  X-ray  diffraction  patterns  of  LiMn1.5Nio.5O4  spinel  heat 
treated  at  temperature  ranges  of  350  °C— 900  °C  is  illustrated  in 
Fig.  la.  As  shown,  the  formation  of  LiMni  5Nio.504  spinel  was 
initiated  from  400  °C  with  the  presence  of  slightly  asymmetrical 
peaks  which  could  represent  the  existing  of  disordered  structure 
with  the  possibility  of  having  second  phase(s).  Despite  this,  there 
was  no  distinguishable  second  phase  even  at  fabrication  tempera¬ 
tures  as  low  as  350  °C.  The  calculated  crystallite  size  based  on 
Scherrer  equation  was  ~23  nm  at  temperature  of  350  °C.  The 
presence  of  large  (220)  peak  at  350  °C  indicates  the  existence  of 
transition  metal  ions  (likely  Ni2+  based  on  ligand  theory)  in  the  8a 
tetrahedral  sites  due  to  their  larger  scattering  factor  relative  to  Li 
ion.  Increasing  the  annealing  temperature  systematically  increased 
the  (111 )/(220)  ratio  up  to  500  °C  which  implies  that  Ni  or  Mn  ions 
or  both  were  possibly  migrated  from  tetrahedral  sites  of  (220)  to 
(111)  plane  where  the  metal  ions  generally  reside  in  the  ordered 
and  disordered  form  of  spinel.  At  temperature  range  of 
500  °C  <  T  <  900  °C,  (111 )/(220)  ratio  approaches  to  a  plateau  with 
less  variation  in  the  relative  intensity  value  indicating  the  relative 
stability  in  metal  ion  rearrangement.  The  appearance  of  the  second 
phases  in  the  form  of  LixNii_*02  and  N^MnOs  was  detected  at 
higher  annealing  temperatures  namely  T  >  800  °C,  where  the  se¬ 
vere  oxygen  and  lithium  loss  disintegrates  the  stoichiometric  spinel 
structure  as  has  been  noted  previously  [33].  The  transition  metal 
occupancy  on  the  8a  site  was  investigated  with  greater  detail  using 
Rietveld  analysis.  Results  of  Table  3  are  consistent  with  the  quali¬ 
tative  results  described  above. 


Table  2 

Structural  and  electrochemical  performance  of  Li1+yMni.5Nio.504_xFx  (0  <  x  <  0.5,  0  <  y  <  0.3)  spinels  at  24  °C  and  60  °C. 


Composition 

Lattice  parameter  (A) 

aIDC  (mAh/g) 

bCapacity  loss( 

-)/Gain(+)  (%) 

cCoIumbic  efficiency 

50th 

100th 

(%) 

24  °C 

60  °C 

24  °C 

60  °C 

24  °C 

60  °C 

LiMni  5^0.504 

8.1845 

114.7 

( —  )2.S 

(— )3.2 

( — )4-3 

( — )6.5 

99.4 

96.9 

LiMn1.5Nio.5O3.9Fo.! 

8.1934 

111.8 

(+J1.3 

(+)1.4 

(+)0.5 

- 

99.1 

97.1 

LiMni.5Nio.503.8Fo.2 

8.2037 

107.0 

(+)4.6 

(+)2.8 

(+H-3 

(+)2.2 

99.2 

98.0 

LiMni. 5Ni0.5O3.7F03 

8.2183 

92.2 

(+)8.6 

(+)5.2 

C+)8.7 

- 

99.1 

97.0 

LiMni. 5Nio.503.6Fo.4 

8.2119 

90.7 

(+)8.1 

(+)3.5 

99.2 

96.9 

LiMni. 5Nio.503.5Fo.5 

8.2215 

92.6 

(+)12.5 

(+)7.6 

99.0 

96.0 

LiMni.5Nio.503.8Fo.2 

8.2037 

107.0 

(+)4.6 

(+)2.7 

(+H-3 

(+)2.3 

99.2 

97.1 

Lii  .1  Mni.5Nio.503.8Fo.2 

8.1870 

112.1 

(+)1.8 

(+)0.3 

(+)1.2 

(-)l.O 

99.2 

97.4 

Li115Mn1.5Nio.5O3.8F03 

8.1802 

130.8 

( — )0.9 

(— )3.0 

(— )2.1 

- 

99.4 

97.0 

Lii.2Mni.5Nio.503.8Fo.2 

8.1740 

129.3 

(-)2.4 

(— )3.7 

- 

- 

99.3 

97.2 

Lii  3Mni.5Nio.503.8Fo.2 

8.1695 

126.0 

(— )3.7 

(— )5.0 

( — )6.9 

- 

99.2 

96.7 

a  Initial  discharge  capacity  at  room  temperature  (24  °C). 
b  Discharge  capacity  loss/gain  relative  to  first  cycle. 
c  Columbic  efficiency  at  cycle  10. 
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Table  3 

Summary  of  structural  refinement  and  physical  properties  of  the  refined  pristine  and  doped  spinels  (F:  Fluorine,  L:  Li). 


Atom  Wyckoff  Occupancy  (n) 


0  F 

0.1  F 

0.2  F 

0.3  F 

0.4  F 

0.5  F 

0.1  L— 0.2  F 

0.15  L— 0.2  F 

0.2  L— 0.2  F 

0.3  L— 0.2  F 

Lil 

8a 

0.96115 

0.93023 

0.88016 

0.84023 

0.87034 

0.84037 

0.9403 

0.96057 

0.96996 

0.98899 

Nil 

8a 

0.0401 

0.07002 

0.12002 

0.16002 

0.13003 

0.16003 

0.06003 

0.04006 

0.03 

0.00992 

Mn 

16d 

0.75026 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75 

0.75017 

0.75 

0.75021 

Ni2 

16d 

0.2302 

0.21503 

0.19 

0.17004 

0.18504 

0.17004 

0.22003 

0.23013 

0.23502 

0.24516 

O 

32e 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

Li2 

16d 

0.02239 

0.035 

0.06041 

0.08046 

0.06544 

0.08045 

0.03032 

0.0215 

0.01522 

0.00691 

R»p  m 

4.93 

4.22 

5.07 

5.65 

4.99 

5.16 

4.57 

4.52 

3.92 

4.1 

Eexp-  (%) 

0.87 

0.67 

0.70 

0.72 

0.68 

0.72 

0.69 

0.70 

0.67 

0.69 

GOF  (Rw p 

i/Fexp) 

5.67 

6.29 

7.24 

7.84 

7.33 

7.17 

6.62 

6.46 

5.85 

5.94 

a  (A) 

8.17529 

8.18963 

8.2003 

8.21756 

8.20548 

8.21623 

8.18501 

8.1733 

8.16964 

8.16576 

Voi.  (A3) 

546.4 

549.3 

551.4 

554.9 

552.5 

554.6 

548.4 

546.0 

545.3 

544.5 

P  (g  cnr 

!) 

4.4439 

4.4184 

4.4014 

4.3738 

4.3933 

4.3759 

4.4257 

4.4462 

4.4509 

4.4584 

The  effect  of  annealing  temperature  on  lattice  parameter  of  the 
two-step  solid  state  process  is  illustrated  in  Fig.  lb.  The  sharp 
decrease  in  lattice  parameter  up  to  650  °C  followed  by  slight  in¬ 
crease  up  to  900  °C  implied  the  existence  of  larger  Mn3+  rich  ion  at 
lower  temperatures.  As  reported  by  Zhong  et  al.  [3],  when  the 
annealing  temperature  approached  to  600  °C,  the  average  Mn 


oxidation  state  in  LiMn1.5Nio.5O4  spinel  prepared  by  sol— gel  was 
increased  to  3.97,  along  with  a  decrease  in  lattice  parameter.  This 
behavior  paralleled  what  we  have  observed  as  our  annealing 
temperatures  approached  to  T  =  650  °C. 

At  higher  temperatures  (T  >  650  °C),  reduction  in  Mn  valence 
(Mn4+  to  Mn3+)  is  responsible  for  the  slight  expansion  in  the  lattice 


Fig.  2.  Field  emission  scanning  electron  microscopy  (FESEM)  micrographs  of  LiMn]  5Ni0.5O4_xFx  (x  =  0,  0.1,  0.2,  0.3,  0.4,  and  0.5)  spinels  annealed  at  800  °C-12  h. 
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structure.  This  reduction  is  induced  by  the  oxygen  loss  followed  by 
the  subsequent  formation  of  the  second  phases  from  the  pure 
spinel  LiMn!  5Nio.504  in  the  form  of  LixNi1_x02  or  nickel  manganese 
oxide.  In  addition,  higher  annealing  temperatures  formed  well- 
faceted  crystalline  particles  at  the  expense  of  particle  growth 
(lowering  the  surface  area)  and  possibly  sacrificing  the  capacity. 
Although  this  low  surface  area  improves  the  long  term  stability  of 
the  cathode  by  reducing  the  cathode— electrolyte  interface,  cell 
failure  still  persists  through  the  dissolution  of  cathode  into  the 
electrolyte  and  forming  the  large  impedance  [21  .  One  approach  to 
improve  the  cathode’s  stability  of  low  surface  area  spinel  is  intrinsic 
modification  through  either  cation  (Li)  or  anion  (F)  substitution.  In 
the  following  section  the  effect  of  F  and  co-doping  with  Li  and  F  on 
microstructure  and  electrochemical  performance  of  spinel  is  sys¬ 
tematically  studied. 

3.2.  Oxygen  substitution  by  fluorine  in  LiMnisNio.sO^xFx 

Fig.  2  illustrates  the  SEM  micrograph  of  0—0.5  nominal  mol.% 
fluorine-doped  LiMn1.5Nio.5O4  annealed  at  800  °C  for  12  h  to  show 
the  effect  of  fluoride  on  the  particle  size  and  morphology  of  the 
spinel.  Introduction  of  fluorine  led  to  a  formation  of  large  well- 
faceted  crystalline  particles.  This  is  mainly  due  to  a  fluxing  effect 
of  LiF  with  the  melting  point  of  ~848  °C  (in  a  proximity  of  our 
heat  treatment  temperature;  800  °C-12  h)  which  led  to  a  growth 
of  large  faceted  particles  during  cooling.  The  final  particle 
morphology  was  corresponding  to  a  typical  octahedral  shape  of 
(111)  faceted  planes.  Fluorine  substitution  resulted  in  the  decrease 
of  the  surface  area  (Table  1 )  consistent  with  the  observed  increase 
in  crystallinity  and  smoothness  of  the  facets.  In  the  case  of 
0.3  mol  of  fluorine,  surface  area  decreased  from  2.50  m2  g  1  to 
about  1.7  m2  g_1. 

The  crystal  structure  of  the  LMNO  was  also  affected  by  fluorine 
substitution.  As  shown  in  Fig.  3  all  x-ray  patterns  demonstrated  the 
spinel  as  a  major  phase  with  space  group  of  Fd-3m.  Introduction  of 
fluorine  shifted  the  x-ray  patterns  toward  lower  angles  or  higher 
d-spacing  which  indicated  an  expansion  of  the  lattice  structure  as 


shown  in  Table  2.  Monovalent  fluorine  substitution  in  divalent 
oxygen  could  change  the  charge  balance  in  spinel  by  reducing  the 
Mn4+  to  Mn3+.  The  increase  in  concentration  of  Mn3+  ions  with 
larger  ionic  radius  (0.58  A  for  low  and  0.65  A  for  high  spin  man¬ 
ganese)  relative  to  smaller  Mn4+  (0.53  A)  led  to  an  expansion  of 
lattice  structure.  However,  it  is  important  to  note  that  the  fluorine 
substitution  also  increased  the  number  of  tetrahedral  sites  occu¬ 
pied  by  metal  ions,  namely  Mn  and  Ni  ions.  This  could  be  shown 
either  through  (311)/(H1)  intensity  ratio  of  the  spinel  as  reported 
by  Tarascon  et  al.  in  LiMn204  [34]  or  through  (220)  diffraction  in¬ 
tensity  which  reflects  the  type  of  ions  residing  in  the  tetrahedral 
sites  of  the  spinel.  As  shown  in  Fig.  4,  introducing  the  fluorine 
raised  the  (311  )/(lll )  intensity  ratio  as  well  as  relative  intensity  of 
(220).  This  indicates  that  fluorine  substitution  enabled  more  metal 
ions  to  be  removed  from  octahedral  sites  and  occupy  tetrahedral 
sites  of  the  spinel.  As  such,  this  lends  to  the  theory  that  not  all  Li 
from  the  LiF  is  being  substituted  into  the  spinel.  This  would  leave  a 
non  stoichiometric  spinel  that  would  result  in  a  structure  with 
vacancies  present  on  the  8a  tetrahedral  sites.  As  this  configuration 
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Fig.  4.  X-ray  (311  )/(lll )  and  (220)  peak  intensity  ratios  for  the  fluorine  doped 
LiMn1.5Nio.504_xFx  spinels  (x  =  0,  0.1,  0.2,  0.3,  0.4,  and  0.5)  annealed  at  800  °C-12  h. 
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20(°)  Cu(Ka) 


Fig.  5.  Structural  refinement  of  (a)  pristine  spinel  Li  [Mil i  ^Nios ]04  (Rwp:  4.93%,  £:  0.87%,  S.G.:  Fd-3m,  no.  227or  cF56.!;  origin  at  -43m;  a  =  8.17529  A  ±  0.000136;  Cell 
vol.  =  546.4  A3;  p  =  4.4439  g  cirr3)  and  (b)  0.5  Fluorine  doped  spinel  (i.iMiii  sNiosOi.sFo.s)  by  Rietveld  analysis  (Rwpi  5.16%,  E:  0.72%;  S.G.:  Fd-3m,  no.  227or  CF56.1;  origin  at  -43m; 
a  =  8.21623  A  ±  0.000157;  Cell  vol.  =  554.6  A3;  p  =  4.3759  g  cm-3). 


would  be  assumed  to  be  energetically  unstable,  Ni2+  from  the  16d 
sites  are  likely  to  occupy  the  tetrahedral  sites  along  with  Li  leading 
to  a  general  formula  of  (Lii_„Ni„)8a[Nio.5-i)Mni.5]i6d  (04)32e;  (u  >  0). 
If  this  occurs  the  overall  charge  balance  would  lead  toward  the 
increase  in  quantity  of  Mn3+.  The  formation  of  this  larger  ion  would 
subsequently  and  systematically  increase  the  lattice  parameter  as  is 
observed  in  Fig.  3. 

The  structural  refinement  of  pristine  and  fluorine-doped  spinels 
(OF,  0.1  F,  0.2F,  0.3F,  0.4F,  and  0.5F)  was  carried  out  by  partial  Ni  and 
Li  occupancy  in  8a  and  16d  sites,  respectively,  utilizing  the  disor¬ 
dered  structure  (Fd-3m),  full  oxygen  occupancy  and  a  constant 
isotropic  atomic  displacement  (BjS0.  =  0.5).  Table  3  shows  a  sum¬ 
mary  of  structural  refinement  for  pristine  and  all  fluorine-doped 
spinels  (OF,  0.1  F,  0.2F,  0.3F,  0.4F,  and  0.5F).  As  shown,  the  whole 
pattern  fitting  (Rwp)  was  in  the  range  of  4.22—5.65%  which  showed 


a  good  agreement  between  observed  and  refined  patterns.  In 
addition,  the  refinement  results  for  all  powders,  including  undoped 
spinel,  showed  certain  degrees  of  metal  ion  mixing  including  Ni 
atom  migration  to  8a  tetrahedral  sites  and  Li  atoms  into  the  16d 
sites  of  octahedral  coordination.  Table  3  also  shows  that  the  fluo¬ 
rine  substitution  further  increased  the  concentration  of  Ni  atoms  at 
tetrahedral  sites  of  the  cubic  spinel.  This  rise  could  reach  to  nearly  4 
times  of  Ni  concentrations  at  8a  sites  of  the  pristine  spinel  (4.0%  Ni 
occupancy  in  pristine  powder  versus  16%  in  0.5  mol  fluorine-doped 
spinel)  (Fig.  5a— b). 

It  is  important  to  note  that  within  the  studied  range  of  fluorine 
substitution,  minor  traces  of  LiF  (PDF#:  04-0857)  was  observed 
which  became  more  pronounced  when  higher  concentrations  of 
fluorine  was  used.  This  could  possibly  imply  that  there  could  be  a 
limited  solid  solubility  of  the  fluorine  in  the  spinel  structure  (in  the 
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Fig.  6.  EDS  maps  of  Ka  lines  for  0,  and  F  and  La  lines  for  Mn  and  Ni  in  LiMni 5Nio.503.5Fo.5  spinel  with  accelerating  voltage  of  5  1<V. 


range  of  x  <  0.1)  under  the  studied  conditions,  as  previously 
identified  for  4  V  spinels. 

In  order  to  clarify  fluorine  distribution  throughout  the  spinel 
structure,  energy  dispersive  spectroscopy  (EDS)  was  carried  out  for 
spinel  with  the  highest  studied  fluorine  (x  =  0.5)  namely  LiMni.5_ 
Nio.5O3.5Fo.5-  Fig.  6  illustrates  the  EDS  maps  of  Ka  lines  for  O  and  F 
and  La  lines  for  Mn  and  Ni  in  0.5  mol  fluorine-doped  spinel  with 
accelerating  voltage  of  5  keV.  In  order  to  perform  the  EDS  map,  the 
energy  windows  for  Mn,  Ni,  F,  and  0  were  selected  based  on  their 
excitation  energies  for  I<  or  L  lines  and  corresponding  applied 
accelerating  voltage.  The  selection  of  accelerating  voltage  of  5  keV 
was  based  on  the  fact  that  this  energy  was  sufficient  enough  to 
excite  the  fluorine  (677  eV)  and  oxygen  (525  eV)  I<a  lines  without 
having  the  interference  with  strong  Mn  I<a  (5898  eV)  and  Ni  Ka 
(7477  eV)  lines  when  excitation  energy  is  beyond  7.5  kV. 

As  shown  in  Fig.  6,  the  uniform  distribution  of  the  Ni,  Mn,  0,  and 
F  was  observed  throughout  the  spinel  particles.  While  the  spot 
intensity  in  the  EDX  map  can  qualitatively  reflect  the  extent  of 
distribution,  however  cannot  be  used  for  quantitative  comparison 
between  the  elements.  The  similarity  between  oxygen  and  fluorine 
EDS  maps  indicates  that  fluorine  atoms  were  uniformly  distributed 
throughout  the  grain  where  the  fluorine  atoms  were  expected  to  be 
substituted  in  oxygen  sites.  The  EDS  map  of  fluorine  also  demon¬ 
strated  almost  no  separate  phase  segregation  in  the  spinel.  EDS  at 
higher  accelerating  voltage  of  10  keV  (not  shown  here)  was  also 
examined  which  demonstrated  similar  F  distribution  to  5  keV 
mapping  with  lower  received  fluorine  signals  to  the  EDS  detector 
since  there  was  more  x-ray  interferences  from  Ka  lines  of  Mn 
(5898  eV)  or  Ni  (7477  eV). 

Besides  the  observation  of  the  uniform  EDS  map  for  fluorine  it 
would  be  beneficial  to  know  the  spatial  resolution  based  on  accel¬ 
erating  voltage  in  order  to  predict  approximate  depth  of  fluorine 
substitution  into  the  spinel  particles.  The  relatively  good  practical 
approximation  of  spatial  resolution  which  is  calculated  from 
accelerating  voltage  and  excitation  energy  can  be  expressed  as  [35]: 

R  =  0.064(£i'68  -£i'68)  fp 

where  R  is  the  spatial  resolution  in  pm,  £a  accelerating  voltage  in 
keV,  Ec  critical  excitation  energy  in  keV  and  p  is  the  mean  sample 
density  in  g  cc  .By  considering  the  Mn  as  a  major  phase  and 


Fig.  7.  (a)  RT  and  (b)  60  °C  cycling  of  the  fluorine  doped  LiMni  5Nio.504_xFx  (x  =  0,  0.1, 
0.2,  0.3,  0.4,  and  0.5  spinels).  Cut-off  voltage:  5. 0-3.5  V;  rate:  44  mA  g  !. 
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Fig.  8.  Voltage  profile  of  the  first  cycle  in  (a)  fluorine  doped  LiMn, .sNio.sO^F,,  (x  =  0, 
0.1,  0.2,  0.3)  spinels  at  room  temperature.  Cut-off  voltage:  5. 0-3. 5  V;  rate:  44  mA  g  !. 


applying  the  excitation  energies  of  Mn  Ka  and  La,  the  spatial  reso¬ 
lution  for  accelerating  voltages  of  5  and  10  kV  were  0.21  and  0.4  pm, 
respectively.  This  indicated  that  x-ray  signals  for  fluorine  could  be 
received  from  the  core  part  of  particle  far  (~400  nm)  from  the 
surface. 

The  uniform  fluorine  distribution  observed  in  EDS  map  along 
with  spatial  resolution  approximation  of  fluorine  from  the  few 
hundred  nanometers  distance  within  the  spinel  particles  still  is  not 
sufficient  to  explain  the  presence  of  LiF  (X-ray  results)  in  the  doped 
spinels  at  x  >  0.1  F.  Although  the  data  suggests  a  solid  solution 
formation,  the  LiF  could  be  well  distributed  on  a  length  scale  less 
than  a  few  hundred  nanometers. 

3.3.  Electrochemical  properties  of  F-doped  spinels 

The  electrochemical  cycling  performance  of  the  fluorine  doped 
LMNO  were  studied  at  the  rate  of  44  mA  g_1  ( ~  C/3)  at  24  °C  (RT)  and 
60  °C.  As  illustrated  in  Fig.  7,  fluorine  substitution  for  oxygen 
reduced  the  initial  discharge  capacity  both  at  RT  and  60  °C.  In  the 
case  of  0.3  mol  fluorine,  this  reduction  in  capacity  was  about  10  and 
2.3%  for  RT  and  60  °C,  respectively.  As  shown  in  Fig.  7  addition  of  the 


Fig.  9.  Field  emission  scanning  electron  microscopy  (FeSEM)  graphs  showing  the  effect  of  excess  Li+  on  particle  size  and  morphology  of  the  Lii+yMni.5Nio.503.8Fo.2  (y  =  0,  0.1,  0.15, 
0.2,  0.3)  spinels  annealed  at  800  °C-12  h. 
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fluorine  within  the  range  of  0.1  <  x  <  0.3  improved  cycling  stability 
as  well  as  capacity  retention  over  undoped  spinel.  Fluorine-doped 
spinels  did  not  show  any  capacity  loss  (relative  to  initial  capacity) 
within  the  first  100  cycles  at  room  temperature,  while  the  standard 
spinel,  fabricated  under  similar  conditions,  experienced  4.3%  loss  in 
capacity  after  100  cycles  (Table  2).  In  terms  of  elevated  temperature 
performance  (60  °C  cycling),  the  capacity  loss  in  un-doped  spinel 
expectedly  rose  to  6.5%  at  100th  cycle  while  in  the  fluorine  doped 
spinels  with  dopant  amount  of  x  >  0.2  the  discharge  capacity  was 
still  well  above  the  initial  value  at  100th  cycle. 

In  order  to  better  understand  the  improvement  in  capacity 
retention,  it  is  beneficial  to  consider  the  voltage  profile  changes 
upon  introduction  of  fluorine.  As  shown  in  Fig.  8,  the  increase  in 
fluorine  systematically  increased  the  capacity  of  the  4  V  plateaus 
which  is  a  clear  indication  of  an  increase  in  concentrations  of  Mn3+. 
It  is  interesting  to  witness  that  the  high  concentration  of  Mn3+,  led 
to  improved  cycling  stability  at  RT  and  60  °C  in  fluorine  doped 
spinels,  despite  the  historic  issue  of  the  Mn3+  in  disproportionation 
to  Mn2+  and  Mn4+  and  disintegrating  the  cathode.  Another 
observation  on  the  voltage  profile  (Fig.  8)  was  the  growth  of 
impedance  during  the  charge  cycle.  The  observed  initial  impedance 
could  be  due  to  the  ionic  or  electronic  impedance  formed  at  the 
surface  of  the  material  which  decreases  with  cycling. 

The  as-prepared  oxy-fluoride  spinels  resulted  in  good  cycling 
stability  with  relatively  low  capacities  which  were  decreased  sys¬ 
tematically  with  F  substitution.  This  could  be  directly  related  to  the 
substitution  of  Ni  on  the  tetrahedral  sites  as  a  result  of  the  afore¬ 
mentioned  Li  non  stoichiometry.  In  order  to  offset  this  stoichiom¬ 
etry,  and  test  this  theory,  the  effect  of  excess  Li  on  fluorine  doped 
spinels  was  investigated  with  the  goal  to  repopulate  the  8a  sites  with 
Li.  Among  the  different  F-doped  spinels,  0.2  mol  fluorine  showed  an 
improved  cycling  stability  with  the  highest  columbic  efficiency 
(98%)  at  60  °C  while  maintaining  the  highest  capacity  retention  after 
100  cycles  at  60  °C  (Table  2).  Due  to  this  superior  performance,  this 
composition  was  selected  to  examine  the  effect  of  different  moles  of 
excess  Li  on  the  electrochemical  properties  of  the  spinel. 

3.4.  Effect  of  excess  Li  in  F-doped  Lij+yMnisNio.503,8Fo.2 


of  excess  Li+  decreased  slightly  the  average  particle  size  of  spinel 
material,  in  contrast  to  the  observation  of  F-additions.  This  was 
confirmed  by  surface  area  measurements  which  revealed  an  in¬ 
crease  in  surface  area  of  the  Li+-added  powders  (Table  1 ).  Addition 
of  0.3  mol  of  excess  Li+  increased  the  surface  area  of  fluorine- 
doped  spinel  (0.2  F-LMNO)  by  about  21%.  Li+  not  only  affected 
the  particle  size,  but  also  on  the  morphology  of  the  un-doped 
spinel.  It  was  shown  through  the  SEM  micrograph  comparison  of 
0  and  0.3  mol  Li+  (Fig.  9)  that  the  addition  of  excess  Li  has  changed 
the  sharp  well-faceted  particles  to  a  smaller  and  more  circular 
morphology.  The  observed  two  mixed  morphologies  of  round  and 
faceted  particles  could  indicate  the  presence  of  second  phase; 
however  the  high  resolution  X-ray  diffraction  did  not  reveal  any 
detectable  second  phase.  This  could  possibly  indicate  that  the 
excess  Li+  minimized  the  formation  of  LiF  as  second  phase  which 
had  formed  in  the  spinel  with  0.2  mol  of  fluorine.  Fig.  10  shows  the 
X-ray  diffraction  of  Li-doped  Lii+yMni  5Nio.503.8Fo.2  (0  <  y  <  0.3) 
spinels.  As  shown,  introduction  of  excess  Li+  shifted  the  X-ray 
diffraction  patterns  toward  higher  angles  or  lower  d-spacing  and 
therefore  shrank  the  lattice  structure  indicating  the  opposite  effect 
of  fluorine  substitution  on  the  spinel  structure.  Addition  of  excess 
Li+  depressed  the  (220)  peak  intensity  as  well  as  (311 )/( 111 )  ratio 
as  shown  in  Fig.  11  which  indicates  the  replacement  of  excess  Li+ 
ions  for  metal  ions  in  tetrahedral  sites,  where  the  metal  ions  had 


The  effect  of  excess  Li+  on  particle  size  and  morphology  of  the 
0.2  mol  fluorine-doped  LMNO  is  illustrated  in  Fig.  9.  The  addition 


Fig.  11.  (311  )/(lll )  intensity  ratio  and  (220)  peak  intensity  for  Lii+yMni.sNio.503.sFoj 
spinels  (y  =  0,  0.1,  0.15,  0.2,  0.3)  annealed  at  800  °C-12  h. 
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occupied  8a  sites  upon  anion  (F“)  substitution.  This  was  confirmed 
by  Reitveld  analysis  which  showed  the  decrease  of  transition 
metal  in  the  8a  scaling  with  excess  Li  content  (Table  3).  The  results 
of  refinement  for  0.2  mol  oxy-fluoride  spinels  upon  introduction 
of  different  concentrations  of  lithium  (e.g.  0.1  Li,  0.15Li,  0.2Li  and 
0.3Li)  showed  a  whole  pattern  fitting  (Rwp)  of  3.92—4.57%.  Intro¬ 
duction  of  0.1  mol  Li  to  oxy-fluoride  spinel  (0.2  F)  drastically 
reduced  the  concentration  of  Ni  atoms  in  tetrahedral  sites  of  spinel 
from  12%  to  6%.  Addition  of  more  lithium  to  oxy-fluoride  spinel 
further  reduced  the  Ni  concentrations  in  Li  sites  to  about  1%, 
which  was  even  lower  than  pristine  spinel  (metal  ion  mixing: 
~4.01%)  (Fig.  12a— b).  It  appeared  that  the  effect  of  Li  addition  on 
oxy-fluoride  spinel  was  opposite  of  fluorine  effect  leading  to 
compensation  of  the  tetrahedral  occupation  by  Ni  ions,  reduction 


in  concentrations  of  Mn3+  (lattice  parameter)  and  increase  in  cell 
density. 

3.5.  Electrochemical  properties  of  co-doped  (Li+  and  F)  spinels 

The  electrochemical  performance  of  the  Li  doped  oxy-fluoride 
spinels  is  shown  in  Fig.  13.  Addition  of  0.15  mol  excess  Li  notice¬ 
ably  improved  the  initial  discharge  capacity  of  0.2  mol  fluorine- 
doped  spinel  from  107.0  mAh/g  to  130.8  mAh/g  at  RT.  Further 
addition  of  Li  decreased  the  discharge  capacity  while  adversely 
affecting  the  RT  cycling  stability  relative  to  0.2  mol  fluorine-doped 
spinel  without  excess  Li.  For  example,  the  capacity  loss  for  0  (pris¬ 
tine  spinel)  and  0.3  mol  excess  Li  spinel  (with  0.2  mol  fluorine)  after 
100  cycles  at  RT  was  4.3%  and  6.9%,  respectively  (Table  2). 


Fig.  12.  Structural  refinement  of  (a)  0.1  mol  Li  doped  oxy-fluoride  spinel  (Li11Mn15Nio.503.8Foj)  (Rwp:  4.57%,  E:  0.68%;  S.G.:  Fd-3m,  no.  227or  cF56. 1;  origin  at  -43m; 
a  =  8.18501  A  ±  0.000184;  Cell  vol.  =  548.4  A3;  p  =  4.4257  g  cnr3)  and  (b)  0.3  mol  Li  doped  oxy-fluoride  spinel  (Lit .3Mni.5Nio.503.8F0.2)  by  Rietveld  analysis  (Rwp:  4.1%,  £:  0.69%;  S.G.: 
Fd-3m,  no.  227or  cF56.l;  origin  at  -43m;  a  =  8.16576  A  ±  0.000096;  Cell  vol.  =  544.5  A3;  p  =  4.4584  g  cm-3). 
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Fig.  13.  RT  and  60  °C  cycling  of  the  Li  doped  Lii+yMni  5Nio.5O3.sF02  (y  -  0, 0.1, 0.15, 2, 3) 
Spinels.  Cut-off  voltage:  5.0-3. 5  V;  rate:  44  mA  g  { 


The  similar  trend  of  change  in  capacity  and  cycling  stability  was 
observed  in  Li-doped  cells  cycled  at  60  °C.  An  increase  in  capacity 
loss  was  directly  related  to  the  excess  Li  content.  The  higher  excess 
Li,  the  higher  capacity  loss.  For  example,  for  0.3  mol  excess  Li  the 
capacity  loss  was  almost  doubled  relative  to  0  mol  excess  Li  after  50 
cycles  at  60  °C.  As  shown  in  Fig.  13,  the  catastrophic  failure  was 
observed  in  Li  concentrations  of  y  >  0.1  which  caused  the  higher 
impedance  rise  early  before  reaching  to  their  100  cycles.  In  the  case 
of  the  Li  concentrations  ofy  <  0.1,  no  sudden  failure  was  observed 
over  the  one  hundred  cycles  at  44  mA  g~\ 

As  shown  from  the  electrochemical  results,  Li  addition  had  an 
opposite  effect  of  fluorine  substitution.  This  was  also  observed 
through  the  voltage  profile  change  upon  increasing  the  Li  concen¬ 
trations.  Fig.  14  demonstrates  the  effect  of  the  Li  addition  on  voltage 
profile  of  the  0.2  mol  F-doped  spinel.  Increase  in  excess  Li  dimin¬ 
ished  the  4  V  plateau  due  to  an  increase  in  average  Mn  oxidation 
state.  Addition  of  excess  Li  also  lowered  the  first  cycle  impedance 
with  a  more  pronounced  Ni2+/Ni4+  redox  plateaus. 

Fig.  15  demonstrates  the  capacity  and  rate  capability  of  the  F~ 
and  Li-doped  spinels.  As  shown  earlier,  fluorine  substitution 
increased  the  particle  size  and  decreased  the  surface  area  through 


its  fluxing  effect.  In  contrast,  the  Li  addition  demonstrated  the 
opposite  effect  of  fluorine  and  led  to  decrease  in  average  particle 
size  and  increase  in  surface  area.  The  effect  of  both  dopants  on 
particle  size  directly  influenced  their  rate  capabilities  through  the 
increase/decrease  in  Li  diffusion  path.  In  addition  to  particle  size 
effect,  the  rate  could  also  be  affected  by  electronic/ionic  barriers 
which  limit  the  ionic  or  charge  transfer  especially  at  higher  current 
densities. 

To  evaluate  the  long  term  cycling  stability  of  the  pristine  and 
doped  spinels  at  elevated  temperature  (e.g.  T  =  60  °C),  galvano- 
static  cycling  of  0.2  F-doped  spinel  was  evaluated  with  two  nano- 
and  micron-sized  pristine  spinels.  Fig.  16  shows  the  discharge  ca¬ 
pacity  retention  of  nano  size  ( ~50  nm,  5.5  m2  g_1)  and  micron  size 
(0.8—1  |im  1.6  m2  g_1)  spinels  along  with  0.2  mol-doped  oxy- 
fluoride  spinel  (1.82  m2  g_1)  cycled  at  60  °C  under  the  current 
density  of  44  mA  g_1  ( ~C/3).  As  shown,  a  cell  containing  the  nano 
sized  pristine  spinel  displayed  a  higher  fading  rate  relative  to 
micron  sized  spinel  despite  its  high  initial  discharge  capacity.  This 
effect  primarily  was  due  to  the  higher  extent  of  electrolyte  degra¬ 
dation  on  high  surface  area  electrode.  This  relatively  known  phe¬ 
nomenon  for  nano-sized  spinel  led  to  rapid  increase  in  impedance 
followed  by  cell’s  early  failure.  Micron-sized  spinel  did  not  show 
any  abrupt  decrease  in  impedance  and  capacity  retention  was  81.3% 
after  320  cycles.  The  capacity  retention  was  the  highest  in 
0.2  mol  oxy-fluoride  spinel  whereas  no  capacity  loss  was  observed 
within  the  first  200  cycles  with  capacity  retention  of  96.1%  after  320 
cycles.  While  we  continued  cycling  of  the  oxy-fluoride  cell  over 
1400  cycles,  there  was  no  sharp  increase  in  cell’s  impedance  over 
the  long  cycling  period  and  50.7%  of  discharge  capacity  was 
maintained  after  1418  cycles.  Relatively  low  impedance  observed  in 
oxy-fluoride  spinel  could  be  due  to  the  formation  of  fluoride-based 
compound(s)  at  the  surface  of  the  spinel  particles,  upon  introduc¬ 
tion  of  fluorine.  This  may  suggest  intrinsic  and  extrinsic  contribu¬ 
tions  of  the  fluorine  dopant  on  improving  the  electrochemical 
performance  of  the  spinel.  While  the  origin  of  superior  cycling 
performance  of  oxy-fluoride  spinel  requires  further  investigation, 
fluorine  substitution  clearly  showed  a  long  term  cycling  stability 
and  high  capacity  retention  at  60  °C.  Based  on  the  results  presented 
here,  8a  occupancy  of  Ni  in  the  8a  sites  and  the  development  of 
well-developed  morphology  may  have  also  contributed  to  an 
improved  performance  of  the  spinel. 


Fig.  14.  Voltage  profile  of  first  charge  and  discharge  for  Li  doped  Li1+yMn!  5Ni0.5O3  8F02 
(y  =  0,  0.1,  0.15, 0.2, 0.3)  spinels  at  room  temperature.  Cut-off  voltage:  5.0-3.5  V;  rate: 
44  mA  g~’. 
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Fig.  15.  Effect  of  (a)  fluorine  and  (b)  excess  Li  on  capacity  and  rate  capability  of 
Li1+yMn1.5Nio.504_xFx  (0  <  x,  y  <  0.3)  spinels  at  room  temperature  (24  °C).  Cut-off 
voltage:  5.0— 3.5  V;  rate:  44-2864  mA  g-1. 


Cycle  No. 

Fig.  16.  60  °C  discharge  capacity  retention  of  nano-  and  micron-sized  spinels 
compared  with  0.2  mol  oxy-fluoride  spinel.  Cut-off  voltage:  5.0— 3.5  V;  rate:  44  mA  g 


4.  Summary  and  conclusion 

The  effect  of  fluorine  and  Li  addition  on  physical,  microstructure 
and  electrochemical  properties  of  Lii+yMni.sNio.sCU-xFx  (0  <  x 
<  0.5,  0  <  y  <  0.3)  spinels  synthesized  through  the  newly  devel¬ 
oped  solid  state  process  was  studied.  Fluorine  substitution  in  ox¬ 
ygen  sites  reduced  the  Mn  oxidation  state  and  led  to  a  growth  of 
(220)  peak  as  an  indication  of  metal  ions  presence  in  8a  site.  The 
opposite  effect  was  observed  in  Li  introduction  where  the  Mn 
valence  state  increased  and  more  Li  occupied  the  tetrahedral  sites 
of  the  spinel.  This  was  also  confirmed  by  structural  refinement 
which  showed  an  increasing  numbers  of  Ni  and  Li  atoms  at  8a  and 
16d  sites,  respectively,  upon  increasing  the  fluorine  concentrations. 
The  trend  was  reversed  when  excess  Li  was  introduced  into  spinel 
structure.  Fluorine  doped  spinels  showed  improved  cycling  stabil¬ 
ity  with  excellent  capacity  retention  at  60  °C  while  the  Li-doped 
oxy-fluorides  were  demonstrated  higher  capacity  loss  and  lower 
columbic  efficiency. 
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